Abstract. Distributed energy systems (DES) are increasingly being introduced as solutions to alleviate conventional energy system challenges related to energy security, climate change and increasing demands. From a technological and economic perspective, distributed energy resources are already becoming viable. The question still remains as to how these technologies and practices can be "best" selected, sized and integrated within consumer areas. To aid decision-makers and enable widespread DES adoption, a strategic superstructure design framework is therefore still required that ensures balancing of multiple stakeholder interests and fits in with liberalised energy system objectives of competition, security of supply and sustainability. Such a design framework is presented in this work. An optimisation-based approach for the design of neighbourhood-based DES is developed that enables meeting their yearly electricity, heating and cooling needs by appropriately selecting, sizing and locating technologies and energy interactions. A pool of poly-generation and storage technologies is hereto considered combined with local energy sharing between participating prosumers through thermal pipeline design and microgrid operation, and, a bi-directional connection with the central distribution grid. A superstructure mixed-integer linear programming approach (MILP) is proposed to trade off three minimisation objectives in the design process: total annualised cost, annual CO 2 emissions and electrical system unavailability, aligned with the three central energy system objectives. The developed model is applied on a small South Australian neighbourhood. The approach enables identifying "knee-point" neighbourhood energy system designs through Pareto trade-offs between objectives and serves to inform decision-makers about the impact of policy objectives on DES development strategies.
Introduction
Small-scale distributed generation units (DG units) could help to address conventional power system challenges such as reduction of emissions, diversification and security of supply. DG units are ideally combined into highly efficient distributed energy systems (DES) that consist of locally controlled sources and sinks, and an optional interconnection with the central grid that: -can exploit locally available renewable energy resources; -can optimally share locally generated energy between its participants; -are tailored to local requirements; -require a cost effective and efficient energy system design. This paper addresses the problem of how distributed energy systems (DES), accommodated within a small residential neighbourhood and framed by location specific environment, can be designed to meet the electricity, heating and cooling demands of the residents while balancing three energy system objectives in the design process. The developed approach is based on the authors' original cost-minimisation model [1] , later developed into a cost-unavailability bi-objective trade off with a weightedsum approach [2] . This paper fully completes a model that is able to optimise design while taking in account the energy trilemma of affordability (min cost), sustainability (min CO 2 emissions) and security of supply (min electrical system unavailability) in a three-objective optimisation trade-off.
Multi-objective design of residential energy systems that combine the provision of electricity, heating and cooling as well as local energy sharing, is an upcoming field of research. DES design has generally been optimised throughout literature using easily quantifiable economic/ financial, technical or environmental single objectives throughout literature. Single-objective models make up the majority of developed approaches. Bi-objective optimisation models are still under-represented and predominantly combine an economic and environmental objective [1, [3] [4] [5] . Approaches for DES design with energy sharing under more than two objectives have only been researched very limitedly, for example, through a weighted-sum approach of economic, technical and environmental indices [6] or through an evolutionary approach [7] . Lastly, policy relevance was considered by [8] , who developed a two-stage multi-objective technology-policy framework with economic, technical and environmental objectives for a typical commercial building in the Northeastern United States.
The objective of this paper is to fill this gap in policyrelevant multi-objective DES design by developing a policy-based optimisation framework for DES design, taking into account multiple objectives that fit in with central energy system objectives. Since system design depends on both techno-economic engineering design principles and organisational-regulatory aspects [8, 9] , the developed framework aims to encompass these disciplines through a multi-objective optimisation approach, which is both robust and scalable.
Methodology
Central energy systems are faced by challenges related to increasing peak demand, ageing infrastructure and climate change. Future energy system design needs to address these challenges while balancing three objectives of competition (affordability), security of supply and environmental sustainability (Fig. 1) .
For DES to help alleviating central energy system challenges, these three objectives need to be traded off in the design process.
A decision-making framework, formulated as a mixedinteger linear program (MILP) [10] , to optimise the energy system design of a small residential (neighbourhood) DES is presented trading off three conflicting objectives in the design process. The characteristics of the framework are detailed in previous work of the authors [1, 2] and summarised below:
-energy integrated approach where a microgrid structure allows for sharing of locally produced electricity and residential tri-generation, combined with an optimised thermal pipeline network, supports a fully integrated thermal supply [4] ; -superstructure methodology where each component is treated as a black-box characterised by a set of operational and design parameters, allowing for a model building without the necessity for detailed thermodynamic and electrical analysis [11] (Fig. 2) ; -selection, siting and sizing of units from a generic pool of small-scale, mini and micro units <30 kW which are commercially available and able to exploit local resources (Tab. 1 and [12] ); -typical day (24 h) per season over yearly planning horizon.
The three energy system objectives are translated into three design objectives, representing the minimisation of: -total annualised energy costs of the neighbourhood as a whole (C TOT,S [kAUD y À1 ]), combining annual technology costs (investment, fuel and operation and maintenance), cost of importing central grid electricity, and potential cost offsetting through residential DG electric- Black-box diagram of energy supply options. AC, absorption chiller; B, boiler; CHP, micro combined heat and power unit; Cpipe, cooling pipeline; G, gas heater; MG, microgrid electricity sharing; Hpipe, heating pipe; PV, photovoltaic unit; Dump, dump load; CST, cold storage unit; EST, electrical storage unit; HST, hot storage unit; NG, natural gas; Cload, cooling load; Eload, electrical load; Hload, heating load [3] .
ity export at feed-in tariffs (Eq. (1)):
where C
INV
, yearly neighbourhood technology investment cost; C OM , yearly neighbourhood operation and maintenance costs; C FUEL , yearly neighbourhood fuel costs; C GRID , yearly neighbourhood grid electricity import costs; C SAL , yearly neighbourhood electricity export income; -average house electrical system unavailability in the neighbourhood (UA TOT,S [log 10 ]), which is the sum of the electrical system unavailability of individual houses divided by the total number of neighbourhood houses (Eq. (2)), with the house electrical system unavailability modelled as an OR-gate of mutually exclusive potential configurations [13] (Eq. (3)):
where UA i , house electrical system unavailability; n h , number of neighbourhood houses; B con,i , binary decision variable that decides on the installation of the electrical system configuration con in house i (several pre-defined combinations of technologies in each house make up the different configurations); ua con , unavailability of configuration con. Note that a logarithmic transformation of obtained unavailability inputs is employed to bring the different objectives within similar range and to indirectly measure unavailability as availability through a number of "nines" [14] ; and -annual neighbourhood CO 2 emissions (EM TOT,S [tonCO 2 y À1 ]), combining the carbon emissions related to the yearly imported grid electricity as well as natural gas consumption by the dispatchable units in the neighbourhood (Eq. (4)): with x technology options, y their capacities and z neighbourhood locations, subject to local energy demands and input parameters. λ i are the weights of the three objectives i in the combined objective function, with S i λ i = 1 and
The objective function is solved through a deterministic GAMS optimisation [15] with the CPLEX solver v12.4.0.1 [16] , and an OPTCR of 0%. Full details of the model implementation can be found in previous work of the authors regarding the single-objective cost minimisation model [1] and the multi-objective cost-unavailability minimisation model [2] .
Results

Case study
A fictitious 5-house Adelaide-based residential neighbourhood is analysed based on a three objective energy system design trade-off by varying the different objective weights. Location-specific inputs for a typical day in each season are used: climatological data, technical specifications of units, costs, tariffs, regulations and spatial distributions of hourly average energy demands for a typical day in each season [kW] .
Total neighbourhood installed unit capacities of selected lambda values (λ) for the three trade-offs are summarised in Table 2 ) is measured a log 10 the number of nines of availability (i.e. 3 nines = 99.9% availability). Figure 3 illustrates selected design changes and Table 2 summarises key results of the different designs. In between the illustrated designs, the transition is more gradual with an increasing number of microgrid-available CHP units and batteries. Available PV units are installed in all houses until λ c = 0.230, from this point on batteries start to appear. From here the trade-off is more gradual as both PV and CHP are available to charge the increasing storage capacity provided by the batteries. Discrete jumps between Pareto points occur due to the discrete relationship between unavailability and unit capacity, although this relationship is component dependent and can be changed in the model [2] . A 31% drop in unavailability, i.e. a 1 nine increases availability, and a small cost increase of 7.2% occurs between the first and second point (λ c = 1.000 and λ c = 0.410 respectively). The only installed neighbourhood CHP unit capacity increases here as it now becomes available for export into the microgrid as well as meeting the demand from its accommodating house. The latter design represents the highest availability increase for the lowest additional cost (largest gradient). Figure 4 illustrates the trade-off of the three objectives in terms of number of nines in availability (bubble size) for different combinations of cost and emissions, leading to discrete solutions. The area defined by the dashed line represents an acceptable availability level within the 4-6 nines range. This exhibits the maximum increase in gradient between the iso-availability fronts representing the highest availability increase for the lowest additional emissions and cost. Looking in more detail the best 4-nine design gives an availability improvement of 1 nine with a relatively small cost increase of 9% from the optimal cost. The only design change compared to cost-optimal design, is an increase of the installed CHP capacity in house 2 as it becomes available to the wider microgrid. The lowest cost 5-nine availability point improves availability by 2 nines compared to the cost-optimal solution; cost increases by 22% and emission reduces by 11%. The "best" 5-nine design has one microgrid-available CHP in house 1, two hot pipelines (1-4 and 4-5) and batteries implemented in 4 houses. The 5-nine point is, however, relatively more expensive to increase system availability than the 6-nine right-most point. In this 6-nine point, availability is increased by 2 nines compared to cost-optimal, for a cost increase of only 20%. Emissions are here, however, only reduced by 1%. This cheapest 6-nine design has two microgrid-available CHP units in houses 1 and 2 and no batteries or pipelines installed. Electricity sharing and an available PV unit in each house are adopted in each design. This description shows that a trade-off between three objectives does not provide a single straightforward "kneepoint" design. The framework, however, does allow the decision maker to experiment with relative importance of objectives/stakeholder interests and hence determine the most suitable neighbourhood system design. It should be noted that as a deterministic modelling approach is employed, parameter uncertainty can affect the final results obtained. In use as a design tool it is therefore pragmatic to perform a sensitivity analysis around model component parameters where uncertainty exists.
Conclusions
An MILP approach has been presented for the superstructure, energy integrated design of residential distributed energy systems while trading off three objectives in the design process through a weighted sum. The three objectives are aligned with the central energy system objectives of affordability, sustainability and security of supply, minimising total annualised cost. A South Australian case-study was analysed to assess the effect of objective trade-offs on local energy system design, leading to the identification of subjective optimal structures. In conclusion we have shown that the availability of a multi-objective design framework, as proposed here, can be an invaluable aid to decision makers in developing energy systems policies for residential use.
